The contact line in an evaporating drop can stay pinned to form a single ring or can shrink in a discontinuous stepwise manner and generate multiple rings. We demonstrate the latter with DNA solutions and attribute it to a pinning-depinning cycle that generates new contact lines. The new contact line recedes after depinning and is repinned at an internal precipitate ring that determines the location of the next contact line. Each precursor ring is formed when DNAs are trapped by an internal microstagnation flow and precipitation dynamics hence control this unsteady drop motion. DOI: 10.1103/PhysRevLett.100.044503 PACS numbers: 47.54.ÿr, 47.55.Nÿ, 47.55.np, 68.08.Bc Drying of suspensions is an everyday phenomenon, which although easily observable, gives rise to surprisingly rich morphologies, based on the exact evaporation geometry, solute size and chemistry, and substrate-solvent interaction [1] [2] [3] [4] and is proving to be an important small scale fabrication process [5, 6] . The formation of the well-known coffee-stain pattern for the case of an evaporating drop with a pinned contact line is the result of an evaporative flux directed towards the pinned contact line, which carries the solute and deposits it near the contact line to form a single ring [7] [8] [9] [10] . In contrast, though there have been reports of multiring formation [11] [12] [13] [14] [15] [16] , the mechanism behind multiple rings formed via pinnining-depinning contact-line dynamics is not well understood. Here we find that contact-line hydrodynamics are dictated by precipitation dynamics for multiring formation.
Drying of suspensions is an everyday phenomenon, which although easily observable, gives rise to surprisingly rich morphologies, based on the exact evaporation geometry, solute size and chemistry, and substrate-solvent interaction [1] [2] [3] [4] and is proving to be an important small scale fabrication process [5, 6] . The formation of the well-known coffee-stain pattern for the case of an evaporating drop with a pinned contact line is the result of an evaporative flux directed towards the pinned contact line, which carries the solute and deposits it near the contact line to form a single ring [7] [8] [9] [10] . In contrast, though there have been reports of multiring formation [11] [12] [13] [14] [15] [16] , the mechanism behind multiple rings formed via pinnining-depinning contact-line dynamics is not well understood. Here we find that contact-line hydrodynamics are dictated by precipitation dynamics for multiring formation.
The one-ring pattern formation process requires the contact line to be pinned on to the substrate at a nonzero contact angle for the entire cycle, while evaporation of the solvent, which is maximum at the contact line, transports the solute outwards and towards the pinned contact line. This causes the formation of the ringlike stain at the outer regions of the drop. At the same time, sustained evaporation and the pinning of the contact line causes the drop height to continually decrease. Ultimately when the meniscus at the center of the original drop comes in contact with the solid substrate, the meniscus ruptures at that point and almost instantaneously the entire drop dewets and the stain-formation process is completed. The notable feature of this process is the almost 100% transfer of the solute to the contact line, pointing to the pinning of the contact line at its initial position throughout the entire cycle. In contrast, the multiring pattern requires repeated pinning and depinning of the contact line.
We use -DNA (Sigma, 115 kilo-base pairs, Mn 76 000 kDa) fluorescent labeled with YOYO-1 (Invitrogen, ex 491 nm= em 509 nm), dissolved in deionized water with 1 mM EDTA. The glass coverslips (Fisher) used in this study were cleaned by soaking overnight in piranha solution (70% H 2 O 2 and 30% H 2 SO 4 ) and then washed with purified deionized water (Barnstead NanoPure). The stock DNA solution was then diluted to solutions with concentrations ranging from 50 to 0:05 g=mL. The solution was transferred onto the clean glass surface from a micropipette. The volume of the drops ranged from 0.5 to 20 L and the temperature from 22 to 40 C. The temperature was controlled with an accuracy of 0:5 C during the experimental process to ensure a constant evaporation rate. A confocal laser scanning microscope (Zeiss LSM Pascal 5) was used to observe the stain patterns obtained during and after evaporation. For in situ dynamic measurements, fluorescent micrographs in time sequence were recorded during evaporation to characterize the different steps in the redistribution of DNA molecules during the evaporation process [17] . The contact angle of the drops during evaporation was measured by a contactangle goniometer (Ramé-hart 100-F0).
We use aqueous solution of DNA as it precipitates readily near the surface and allows high-resolution imaging with fluorescent tags [18] . Figure 1 depicts the observed multiring stain patterns at different DNA concentrations, the most important single parameter influencing stain formation. Three kinds of stain-formation dynamics are observed and are delineated in the temperatureconcentration phase diagram of Fig. 2(a) . At high (region I) and intermediate (region II) DNA concentrations, rupture or depinning of the liquid film near the contact line is observed prior to the formation of the next ring. A new contact line is created during the rupture event and recedes very rapidly inward until it is pinned at a new position. These events repeat for each successive ring formation and exhibit a stepwise contact-line motion with a clear pinning interval and a receding interval, shown in Fig. 2(b) . Although both subregimes exhibit similar pinning-depinning sequence, the variation in DNA concentration causes some observable differences in the ring spacing, with region I having smaller spacing and less sensitivity to the DNA concentration, as well as a shorter pinning interval. At low DNA concentrations in region III, this pinning-depinning of the contact line is replaced by a smooth recession of the original contact line with deposits formed at some intervals. Here the behavior is dramatically different from regions I and II and the contact-line dynamics do not involve rupture or depinning of the liquid film and creation of new contact lines. Rather, the recession of the original contact line is very smooth, as documented in Fig. 2(b) , and the formation of multirings, if any, is quite random and periodic multiple rings are generally not present. In this Letter we focus on the discontinuous pinning-depinning mechanism at high and intermediate concentrations of regions I and II, where an apparent stick-slip dynamics has been endowed by the rupturing and pinning sequence. It should be noted that the observed mechanism is quite different from ''fluid fixation'' behavior, i.e., stretching DNA in the flow field generated by an evaporating drop and immobilizing them on charged surfaces [19] , although we have observed some stretching of DNA molecules within successive rings. Fluid fixation behavior was generally observed at low concentrations. It should also be noted that pattern formation via DNA droplet drying is quite rich and can yield a variety of stain patterns [20] , but in this Letter we focus on multiple ring formation only. Additionally, consistent with previous reports [15] we have also seen multirings with small ( 0:5 m) polystyrene colloidal suspensions and they show similar dynamics as DNA multiring formation.
The ring wavelength was found to decrease with increasing DNA concentration in regions I and II, as shown in Fig. 2(c) , where the average wavelength for a given drop is reported along with its initial DNA concentration. Similar wavelength-concentration dependence is observed at different temperatures, indicating that precipitation plays an important role in this process. Drops with dimension as small as 200 m, which is much smaller than the capillary length ( =g p 2:7 mm, where is the surface tension, the density, and g the acceleration due to gravity), showed similar stain patterns as those in drops much larger. The smallest drops were produced by electrospraying. The variation in wavelength with the drop volume has been quantified in the inset of Fig. 2(c) , showing an asymptote beyond a critical drop volume. We observed similar multiring stains on amine-terminated selfassembled monalayers on glass [21] as well as on silicon wafers (rms roughness <0:5 nm). These observations suggest a generic mechanism for multiring formation process independent of evaporation rate, drop volume and nanoscale surface roughness, but sensitive to drop concentration and hence precipitation dynamics.
The regular stain patterns in regions I and II suggest a similar precipitation mechanism for successive ring formation. Initially the contact line is pinned at its original location and evaporation drives an outward radial flux in 2008 044503-2 the drop that deposits DNA at the contact line forming the outermost ring, similar to coffee-stain formation. This pinning and evaporation also cause the drop height to decrease making the drop approach a pancake shape, which is consistent with the observation of a constant asymptote for the ring wavelengths at larger drop volumes; it suggests that the drop profile has become flat such that the contact-line dynamics are decoupled from the drop interior and that the multiring formation process is insensitive to the drop size.
FIG. 1 (color)
The contact line does not remain pinned at any location for the entire duration. We attribute the contact-line dynamics to precipitation in the drop interior which occurs before the contact line slips. Internal concentration and precipitation of solute into a ring, without templating by surface functionalization, can only occur if driven by a microflow with a ring structure. Converging stagnation flows on the surface are particularly effective in solute concentration at the stagnation region. Such flows can sweep the solute to a locus and weak viscous drag at the stagnation region cannot resuspend them into the bulk if a substrate-solute attractive force is present. In our case, a slight DNA affinity for the substrate is sufficient to trap the DNA molecules swept towards the stagnation line. In other similar cases, electro-osmotic and electrohydrodynamic surface stagnation flows have been used to concentrate and assemble bacteria [22, 23] .
The appearance of this stagnation flow and precipitation at the stagnation line away from the contact line is evident from the fluorescence of the DNA molecules in Fig. 3(a) , which show a maximum away from the contact line. The locus of maximum intensity moves inward initially, but becomes immobilized at a specific location within the drop as the intensity increases. The existence of the inner ring is also supported by the appearance of miscible viscous fingers shown in Fig. 3(b) , which occurs when a less viscous fluid is pushing against a more viscous fluid [24] . This clearly indicates a viscosity maximum away from the contact line, and, as the viscosity of the DNA solution is a strong function of the concentration, precipitation of DNA away from the contact line. This local zone of high concentration pins the receding contact line created during rupture and hence determines the location of the new contact line. Fingering also creates an approximate square wave pattern on the stains because of depletion of the deposits near the contact line which creates partial or total gaps on the rings as well as triangular deposits between rings. The dynamics of the stain-formation process can be clearly seen in the supplementary section.
The pinning of the receding contact line is documented by a sequence of images in Fig. 3(a) (i)-(iii) [17] . The location of this internal ring is estimated by the highest DNA concentration (fluorescent intensity). Subsequent images clearly show that the receding contact line is pinned near the marked contour during the formation of two successive rings. This internal precipitation ring region is the precursor for the new contact line.
The existence of a surface stagnation flow within the evaporating drop leading to precipitation of DNA at the stagnation region is documented in Fig. 3(a) , and here we propose a flow field to explain this stagnation flow. After the pancake shaped drop develops, continued evaporation causes the curvature near the contact line to change from concave downwards to concave upwards. This dimple is developed when considerable precipitation occurs at the contact line to form a concentrated deposit. As such, the contact line is not pinned to the substrate but is rather at an elevated position on the vertical wall of the DNA precipitate ring. As the solution wets the precipitate, the interface changes its convex curvature at the edge of the drop to a concave one near the precipitate, the dimple is hence formed near the contact-line precipitate. Such a dimpled fluid interface under evaporation has been reported previously [14] . The dimple can reduce the local film thickness to below 1 m and cause a local dewetting flow away from the dimple, mostly in the inward direction, because of larger film thickness. This inward flow and the outward evaporation flow changes the flow behavior near the contact line and form a stagnation ring some distance away from the original contact line as shown in Fig. 3(a) . With continuous dewetting flux from the dimple, the meniscus comes closer and closer to the substrate and once it touches the substrate, an abrupt rupture occurs. This event between two successive rings produces a new contact line that then moves rapidly to the inner ring. In fact, the occurrence of rupture, as shown in Fig. 3(a) (iv)-(vi) , clearly points to the presence of a dimple near the contact line, because for rupture to occur, the liquid surface must come in contact with the solid substrate underneath, which can only occur when the curvature near the contact line changes and becomes concave upwards.
Macroscopically, this sequence of events produces an apparent stick-slip behavior with oscillatory changes in contact angle, as is evident in the contact-angle measurements in Fig. 3(c) . The contact-angle fluctuations are observed for the first few rings in region II before the film thickness becomes too thin to allow an accurate measurement of the contact angle. These are manifestations of rupturing with successive creation of new contact lines.
The rupture event leaves behind an annulus of liquid which contains the precipitate ring of the previous generation. This separated annular liquid volume evaporates to leave behind the stain rings. As the DNAs in the annular liquid volume are mostly in the precipitate ring, which does not redissolve into the liquid, the stain width is expected to be close to the width of the internal precipate ring. The scaling for the stain spacing in Fig. 2(c) can then be explained with a simple mass balance model. Assuming x to be the width of precipitate ring at the stagnation ring, a 1D flux balance leads to
where, C and C 1 are the DNA concentrations in the ring region and the bulk, respectively, t the time, and r e the local evaporative flux. We can obtain a scaling relation from the above equation, C m r e C 1 =x where C m is the maximum concentration of DNA achieved when DNA molecules aggregate to form ring precursors in time scale . This critical concentration is related to the DNA precipitate concentration or the DNA concentration when the solution viscosity becomes so large that the trap becomes immobile. Consequently, spacing between two successive rings is given by: r e xC m =C 1 , which is independent of drop size or evaporation rate for large drops under the experimental conditions, but inversely proportional to bulk DNA concentration, as shown in Fig. 2(c) .
Hence we conclude that internal precipitation at surface stagnation points regulates contact-line recession of thin films, which has important ramifications for evaporative pattern formation. Microscale heterogeneities via surface functionalization, flow instabilities, roughness or artificial templating can produce microflows with different topologies and stagnation loci, which can, in turn, lead to stains and precipitates with exceptionally rich morphologies. Combined with the condensation of large molecules that form networks or scaffolds, such precipitate structures can be very useful for micro-fabrication and self-assembly processes.
